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BACKGROUND-FIELD OF INVENTION 

This invention relates to the production of gas plasmas to be used for spectroscopic 
examinations, more particularly it is directed toward use with effluent gases from a primary 
process reactor. 

BACKGROUND-DESCRIPTION OF PRIOR ART 

The reliability and reproducibility of many industrial processes are improved by the use of 
sensor based analytical equipment. In semiconductor manufacturing many of those processes 
occur under vacuum. When the processes occur light may be emitted as a byproduct of the 
reactions. That light is a composition of wavelengths which are characteristic and unique to the 
reactions occurring. Measurement and an analysis of that light is accomplished with the use of 
optical spectrometers. Spectral analysis provides a means to control or terminate the chemical 
processes; or in other instances it may be used to diagnose , evaluate and optimize the operation of 
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the manufacturing equipment. While this approach is valuable there are severe limitations in 
its applicability. 

A typical embodiment of an optically sensor control is demonstrated in U.S. patent 4,263,088 to 
Gorin (1982) which discloses use of a photoconductive ceil to monitor changes in light emission 
in a plasma processing chamber. Electrical changes in the photocell correspond to changes in light 
emission, or intensity, resulting from chemical state changes in the process. The electrical change 
is monitored by software to determine when to terminate the process. The process reactor may 
have a transparent window or a waveguide which allows transmission of the emitted light to a 
detector or sensor. A special optical fiber waveguide may be used. This approach has several 
serious disadvantages and limitations: 

(a) Process control fluctuations or changes in the reactor introduce error in the accuracy 
of the analysis or determination of process state change. Any control change that affects the 
emitted light intensity of the process causes an electrical change in the photocell or detector which 
might be confused with the expected or predetermined change. 

(b) The amount of light emission and therefore the sensitivity of the photocell or detector 
is dependent on the actual process condition. In normal operation a process is established which 
yields the desired chemical change in a material or substrate. Only the light that is a byproduct 
of the process may be used to monitor the process. Slow chemical reaction rates which 
characteristically produce less light are more difficult to monitor or analyze for change. Reaction 
rates in the primary reactor are not adjusted to increase light availability to the detect2or. 

(c) Many optical processes occur which either emit insufficient light, or no light. No 
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optical analysis or process monitoring can therefore occur. 

U. S. Patent 4,936,967 to Ikuhara (1990) discloses a method of determining endpoint with a 
wavelength specific detector on a plasma processing reactor. This technique also has the same 
shortcomings as the Gorin apparatus: the analysis is performed on the same reactor that is used 
to process materials or samples and is therefore limited to the specific performance of those 
processes and their control system. U. S. Patent 4,312,732 to Degenkolb (1982) discloses a 
wavelength selectable optical detector which is used to control a reactor that etches photoresist. 
Photoresist is an organic material used as a mask in the transfer of images on materials. 
Degenkolb's device fails in the same manner as described in the Gorin patent. 

To summarize this prior art, chemical processes are monitored direcdy by optical detectors, and 
chemical changes cause light changes detected by either individual photocells are arrays of 
photocells or other light sensitive devices. The performance of these devices is limited by the 
light byproduct of the process in use. They will not monitor gas compositional changes in 
processing environments where no light or insufficient light is emitted. 

Other examples of prior art utilize inductively generated, non processing plasmas. An inductive 
plasma occurs when electrons having sufficient energy are transmitted through a coil or inductor 
into a gas at low pressure. That energy causes a decomposition or breakdown of the gas into 
ionized particles and energetic fragments. These plasmas emit light characteristic to the elements 
contained in the plasma. Inductive plasmas are generally used in analytical instruments as 
chemical ionization sources for spectral (optical or mass) analysis. These plasma apparatus operate 
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at vessel pressures approximating 760 torr, normal atmospheric pressure. While these apparatus 
may be used for offline sampling of materials, their designs are not appropriate for continuous 
monitoring of waste effluent at below atmospheric pressure. 

The different embodiments of these analytical instruments may be divided into several method 
categories, each with its own respective limitations: 

(a) U.S. patent 4501965 to Douglas (1987) , U.S. 4551609 to Falk (1985), U.S. patent 
4306175 to Schlieicher (1981) discloses the requirement of double wall enclosure tubes where a 
the wall that creates the vacuum vessel contains the plasma, and a second wall acts either to 
confine gas cooling required for the tube, or to act as carrier gas inlet. A byproduct of a plasma 
reactions is heat which must be dissipated; one manner of dissipating heat is through gas flow. A 
carrier gas is a diluent that contains small amounts of the sample gas and is used to transport it 
into the plasma region. Both these approaches represent overly complicated mechanical 
embodiments of the art specific to operation and may be required for operation near or at 
atmospheric pressure. 

(b) Power coupling or matching of power into a plasma generator is the use of electrical 
components to match the electrical characteristics of a plasma to its power supply. The 
appropriate choice enables the efficient transfer of electrical energy into the plasma. The 
electrical characteristics required to initiate a plasma are different from those required for its 
steady state operation. Dependent on the operating requirements of the plasma more complex 
methods of matching may be required. U.S. patent 430175 to Schleicher (1981) demonstrates a 
movable graphite piece which is required for plasma ignition, and then removed during analysis. 
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The igniter internal to the vacuum vessel is required to start an arc or plasma current. When the 
arc has been created the electrical impedance of the gases is lowered. U.S. Patent 5,949,193 to 
Roine also uses an internal rod as an electrode for plasma ignition. 

(c) A traditional technique used as a means of improving power coupling, ignitions, and 
gas breakdown is the use of a carrier gas . In a typical embodiment radio frequency power is used 
to the carrier gas. However, inefficiencies in power conveyed to the plasma require a carrier gas 
which is more easily ionized and can transfer energy to the plasma and species of interest through 
gas phase collision mechanisms. Besides acting as an energy transfer medium, the carrier gas may 
be required to function as a reactor coolant. A typical consequence of both these approaches is 
that they behave as chemical diluents: power transfer efficiency is lost in energizing that carrier 
gas. And, in many cases the carrier gas has its own characteristic spectra which may be superposed 
on the optical spectra under study. Optical emissions from the carrier gas can become 
background noise from which the signal of interest must be extracted. Examples of the use of a 
carrier gas mechanism are seen in U.S. patent 4501965 to Douglas (1987), U.S. patent 4844612 
to Durr (1989), 

(d) Traditional designs restricted to high pressure, low gas flow operation. Suitable 
vacuum seals to prevent gas leaks are not included for operation below 500 mtorr. They 
are intended for small, less than 500 cc, gas samples. 

(e) The inductive plasma apparatus previously mentioned are not designed for continuous 
operation in monitoring low pressure (below 100 torr) process reactor effluent and are not 
compatible in their current embodiments for such applications. Gas channels 

are small sizes which will not adequately transport continuous high gas flows. 
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SUMMARY 

The present invention overcomes inadequacies of prior art which generally teach the use 
of optical or light emission and monitoring which is direcdy connected through windows and 
light conductive cables to the processing reactor. Or, in the case of inductive plasmas used for 
chemical analysis, their designs are specific to operation at pressure above 500 mtorr. The designs 
also require complicated plasma ignition hardware internal to the plasma chamber. 

This present invention utilizes an inductive plasma which ionizes gas effluent at pressures 
below 100 mtorr to above 10 torn The plasma is used as an ionization and light source for 
spectroscopic (optical or mass) studies of chemical changes in the reactor as seen in its gas effluent. 
Those changes can be recorded for documentation of stable processes, control, or process 
termination. 

OBJECTS AND ADVANTAGES 

Accordingly, the objects and advantages of the present invention are: 

(a) to provide a monitor, control or analysis tool that is less susceptible to control 
perturbations or errors in the primary process vessel. 

(b) to provide a remote plasma whose light intensity can be varied independendy of the 
process reactor thereby giving an additional means to improve detector sensitivity 

(c) to provide a method where monitoring and analysis can be used to detect chemical 
abundances when low reaction rates, or no reaction exists to emit sufficient light. 

(d) to provide a simpler reactor design that does not require either double wall tubing, or a 
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special inlet for swirling or mixing of carrier or sample gas 

(e) to provide an inductive source that is consistent with operating pressures below 20 torn 

(f) to provide an apparatus which will sustain an uninterrupted plasma to be used in gas 

analysis 

(g) to provide an inductive plasma source that does not require a carrier gas for cooling, or 
a special gas for plasma ignition 

(h) to provide an inductive plasma source that will ionize or decompose a variety of gas 
mixes without energy loss to a carrier gas or diluent 

(i) to provide a plasma reactor and matching device that does not require an internal 
electrode, or constrict flow of process effluent. 

(j) to provide a combination of plasma source and detector system that monitors/analyzes 
gas state change as it occurs. 

Further objects and advantages of my invention will become apparent from a consideration of the 
drawings and ensuing description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying drawings: 

FIG 1 is a schematic diagram showing all the major elements of the invention. 

FIG 2 is a more detailed view of the specific plasma source showing the relationship of the vacuum 

vessel to the radio frequency supply and optical sensor. 

FIG 2A is an enlarged view of the optical window to the plasma 
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FIG 2B is a schematic view of the radio frequency power supply and its power transfer section. 
FIG 3 is an enlarged view of an alternate configuration for the plasma source 

REFERENCE NUMERAL IN DRAWINGS 
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DETAILED DESCRIPTION-FIG 1, 2, 2A> and 2B-- PREFERRED EMBODIMENT 



Referring now to the drawings, FIG, 1 shows a schematic overview of a secondary plasma source or 
generator 5 which has been inserted in a vacuum exhaust line 2 of a primary process reactor L 
The output of the plasma source 5 is connected to an exhaust line 6 which is connected to a 
vacuum pump or generator 7. A radio frequency power supply 3 provides sufficient energy at 
13.56 megahertz through a cable 4 to create a plasma in the source 5. A fiber optic cable 8 
transmits emitted light from the plasma to a light detector 9. The light detector converts photonic 
energy into a packet of analog signals which are transmitted over a communication cable 10 to an 
analog/digital converter 1 1 and is then processed by a computer 12. The computer analyzes, 
monitors, and records time based data from the optical detector 9 and the appropriate information 
is sent over a communication cable 13 to the main processing reactor 1 where the information may 
be utilized. 
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FIG 2 shows a more detailed cross section of the plasma source 5 which provides light as part of 
this invention. Vacuum enters the apparatus at 36 from the host processing reactor 1 and is 
transported through a vacuum "T" 20 into a source input cap 35. After passing through the cap 35 
gas then flows through a ceramic plasma tube 30 into a source vacuum output 27, finally exiting 
the vessel at 29 through an output flange into the exhaust line 6. 

The invention isolates vacuum from atmosphere with a compressible o ring 21 between vacuum 
"T" 20 and source input cap 35. Another o ring 19, seals an optical vacuum blank off 18 to the 
vacuum T 20. A group of screws 39 compress an optical adaptor or connector 49 against a 
sapphire window 37 which in turn compresses o ring 17. A bolt 34 pulls the source input cap 35 
against an o ring 28 sealing the gas input of a plasma tube 30. The output side of plasma tube 30 is 
also forced against a source vacuum output 27 which compresses o ring 28. 
The optical blank off 18 seals the vacuum in the system against atmosphere an provides a 
housing for the sapphire window 37 which has an opening to maximize the capture of light 
axially transmitted through vacuum tube 20 from plasma tube 30. Optical adaptor 49 both helps 
seal the window 37 as well as mechanically supports a fiber optic connector 38 which provides a 
quick connection to a fiber optic cable 8. Fiber optic cable 8 transmits light emission from the 
plasma to an detector 9. Light emerging from the cable 8 enters the detector 9 through a lens 16 
which focuses it on a diffraction grating 15. The grating 15 separates the light into discrete 
wavelengths which are broadcast in an orderly fashion across a detector array 14. The array 14 
converts photonic energy into electrical energy in the form of analog signals proportional to the 
intensity of the discrete wavelengths. 
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The secondary plasma source which is downstream is powered by a radio frequency power supply 3 
which broadcasts at 13.56 megahertz into a power cable and then into an r.£ bulkhead connector 
22. Connector 22 couples power into an electrical circuit through cable 31. That energy passes 
through a capacitor 23 into a coil 25 and a pair of ignition rings 24. This network generates an 
electrical discharge in plasma tube 30. 

FIG 2B shows an electrical schematic of the power transfer from connector 31 into the plasma. 
Energy enters a circuit comprised of a coil or inductor 25, a capacitor 42, a resistor 41 and two 
ignition rings 24 which function as a capacitor. 



FIG 3 - ADDITIONAL EMBODIMENTS 

An additional embodiment of the secondary plasma source is shown in Fig 3. Where in Fig 2. 
effluent from process reactor 1 passes through the downstream secondary plasma source, in Fig. 3 
the effluent passes near the plasma source entering a vacuum "T w 20 through an opening 36 and 
exits through an opening 27. The "T" is sealed to a source input or flange 45 with an o ring 46. 
The input 45 is pulled toward a closed source flange 48 by a series of bolts 47. The input 45 
compresses o ring 53 against plasma tube 52 which in turn compresses o ring 53 against the closed 
source flange 48. Plasma tube 52 both forms a wall of the vacuum vessel as well as supporting an 
inductor 62 and a pair of ignition rings 60. Power passes through the closed source flange 48 via 
an electrical bulkhead fitting 22 into the coils by connector 54 and is removed by a connector 61. 
Refer to FIG. 2B for the electrical schematic of the circuit. The plasma generated in tube 52 
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emits photonic energy which is transmitted through a sapphire window 37. A set of screws 38 
force an optical adaptor flange 48 against the window 37 and therefore seal by compressing o ring 
17. 

ADVANTAGES 

From the description above, a number of advantages of this apparatus become evident: 

(a) A secondary plasma which decomposes process effluent can be used as part of an 
analysis system that is less susceptible to control perturbations or errors in the primary process 
vessel. 

(b) Light intensity in the remote plasma can be varied independendy of process 
changes in the primary reactor thereby giving an additional means to improve detector sensitivity 

(c) A means of analyzing gases is provided when low reaction rates, or no reaction exists to 
in the primary processing reactor. 

(d) Reactor designs provided in previous art are more complex and not appropriate for 
continuous vacuum operation. 

(e) A means to both analyze and monitor gases for process and system control and 
diagnosis is provided across a wide range of process reactor operating states. 

OPERATION -FIG 1, 2, 2A, 2B 

During normal operation a process reactor 1 will have gas flowing in it with or without a process 
occurring. That gas flows through vacuum line 2 into and through the secondary plasma source 5. 
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The effluent is a continual gas change exhibiting both bulk gas flow and diffusive gas flow; its 
content reflects the chemical profile of the main reactor. When there is an interest in the chemical 
content of the gas from the primary reactor a radio frequency generator or power supply 3 is 
turned on, that is, energy at a frequency of 13.56 megahertz is transmitted from it through a cable 
4 to the secondary plasma source 5. A plasma is generated in the plasma tube 30. 
To improve power transfer efficiency a matching network is added to the source. Since the 
impedance of the gases before ignition or initiation of plasma is different than after ignition two 
bands 24 are used to capacitively ignite the plasma . The capacitors charge to a sufficient voltage to 
break down the gas in the plasma tube 30. When ignition occurs the impedance changes and 
power transfer occurs through the coils or inductor 25. A capacitor 42 is used to adjust the 
reactance of the circuit; power is shunted through resistor 41 to ground. This combination of 
passive components broadens the effective impedance range that power can efficiendy be coupled 
in the plasma. When a plasma is initiated its volume changes as a function of the r.f. power input 
from the power supply 3. As the power is increased the gas breakdown and ion generation increase 
with a resulting increase in light emission. Applied power which drives the secondary plasma can 
be varied independently of control changes in the primary process reactor. A sapphire window 37 
transmits light from approximately 200 nm. into the near infrared region as well as provides a wall 
that forms a vacuum seal. That window is placed so that the cylindrical volume filled by the 
plasma can be observed. The optical vacuum blank off 18 is shaped to optimize light capture into 
a fiber optic bundle 8. Light is transmitted through the light conductive bundle into a light 
detector 9. A focusing lens 16 optimizes the light transfer from the fiber cable into the detector 9 
and is displayed on a diffraction grating 15 where it is decomposed into specific wavelengths and 
measured by a photocell or charge coupled device, CCD array 14. The array converts photonic 
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energy into analog signals that are proportional to the intensity of the incident light. The analog 
signal is conveyed by a cable 10 to an analog to digital converter 1 1 . The digitized information is 
then processed in a computer 12, A computer program analyzes the information and monitors the 
optical input for changes. That data is used to: terminate processes operating out of accepted error 
bounds, to terminate completed processes, to provide feedback for realtime control, and to record 
normal process performance for specific steady state manufacturing processes. 

OPERATION-FIG 3 

The alternate embodiment shown utilizes the same functional components illustrated in FIG 3 
However the plasma source 5 has several significant modifications. The vacuum "T" 20 is oriented 
so that the bulk gas flow is from inlet 36 to oudet 27. There is no bulk gas flow into the plasma 
source 3. A closed source flange 48 seals the end of the vessel. Sample or gas change in the tube 
52 is accomplished by normal gas diffusive processes which occur rapidly. This configuration has 
the benefit of simpler attachment to existing vacuum lines. Because the optical window 37 is 
mounted direcdy on the source, this apparatus does not require use of a vacuum T 20, but can 
instead be mounted on any compatible flange. 

CONCLUSION, RAMIFICATIONS, AND SCOPE OF INVENTION 

Accordingly, the reader will see that the secondary plasma of this invention can be used to 
provide a remote control and analysis tool that is less affected by control error in a processing 
reactor. It also provides a remote plasma whose light intensity can be changed independent of the 
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light emitted in the process reactor. Analysis, or monitoring can be optimized for sensitivity. A 
direct benefit of this capability is that process analysis can be accomplished where a process in the 
primary reactor has either a low reaction rate, or no reaction exists to emit sufficient light. This 
design utilizes a passive power matching network that efficiently couples r.f. power into a plasma 
over wide ranges of pressure and gas flow. The remote plasma source does not require 
complicated gas injection, gases other that the actual process gases, and can be used for realtime 
continuous state monitoring. 

Furthermore, this apparatus has other advantages: 

* the secondary plasma source can be used to analyze unprocessed gases in the primary 

vacuum vessel and can continuously monitor for air leaks in that reactor 

*this apparatus can be used for helium leak detection of the primary process reactor 

Although the description above contains many specificities, these should not be construed 
as limiting the scope of the invention but as merely providing illustrations of some of the presendy 
preferred embodiments of this invention. For example: 

the optical detector could be an individual photocell, 
the optical detector could have different lens and mirror arrangements, 
the secondary plasma source be placed downstream of a turbo pump, 
the optical detector could be replaced with a mass detector attached to the optical vacuum 

blank off or the closed source flange; 
this apparatus could be powered by energy at a different frequency than 13.56 megahertz 
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a detector sensitive to wavelengths longer than 1000 nm. might be used 
information from this invention could act as a sensor for feedback and continuous 
of a specific control element in the primary process reactor 



